Using an in silico (electronic database) subtraction, we identified a new member of the Ret Finger Protein-Like gene family, Rfpl4. Rfpl4 encodes a 287 amino acid putative E3 ubiquitin-protein ligase with a RING finger-like domain and a B30.2 motif. Reverse transcriptase polymerase chain reaction and Northern blot analyses reveal that Rfpl4 encodes a 1.7 kb mRNA detectable exclusively in the gonads of adult mice. In situ hybridization localizes Rfpl4 transcripts within the ovary to oocytes of primary and later stage follicles and in the testis to elongating spermatids. The Rfpl4 gene comprises three exons and maps to mouse chromosome 7. We have identified the human ortholog, which maps to 19q13.4. These studies suggest that RFPL4 mediates protein degradation pathways important for gametogenesis or early embryonic development. q 2002 Elsevier Science Ireland Ltd. All rights reserved.
Results and discussion
We discovered Rfpl4 in a search for oocyte-specific transcripts important in mammalian oogenesis. We used in silico subtraction to identify transcripts expressed preferentially in oocytes (Rajkovic et al., 2001) and found that expressed sequence tags (ESTs) from the publicly available Unigene cluster Mm.28764 are present exclusively in unfertilized egg libraries (i.e. the sequence did not appear in other EST or non-redundant public databases). We later named this sequence Ret Finger Protein-Like 4 (Rfpl4).
Analysis of the Rfpl4 cDNA sequence reveals a 1581 nucleotide transcript predicted to encode a 287 amino acid protein (Fig. 1) . The putative RFPL4 protein has a tripartite structure consisting of a cysteine-rich RING finger-like region (C3YC4), a coiled-coiled motif, and B30.2 domains, common features of other members of the RING-B30 family, including MID1, RFP and Ro52. However, RFPL4 shares closest homology with a newly described family of human Ret Finger Protein-Like genes (RFPL1, RFPL2, and RFPL3). RFPL1, RFPL2 and RFPL3 proteins include RING finger-like motifs lacking a histidine residue (i.e. substitution of a cysteine for a histidine) common to RING finger proteins described earlier (Seroussi et al., 1999) . The RFPL4 protein encodes a Ret finger-like domain that also lacks this histidine residue that normally exists in the classical C3HC4 RING finger domains ( Fig. 2A) . A tyrosine residue is substituted in this position in both the mouse RFPL4 and the human RFPL4 ortholog ( Fig. 2A,B) . Although RING finger domains are known to be important in ubiquitin-mediated proteolysis, as described below, the significance of the RING finger-like domains found in RFPL4 and other RFPL proteins is unclear. The B30.2 domain is a conserved region of approximately 170 amino acids found in RING finger proteins, butyrophilin, stonustoxin and otherwise unrelated proteins (Henry et al., 1997 (Henry et al., , 1998 Seto et al., 1999) . The function of the B30.2 domains is also unknown.
Ubiquitin-mediated protein degradation pathways play important regulatory roles in diverse cellular processes, modulating cell cycle progression, intracellular signaling cascades, transcription, and apoptosis (Freemont, 2000; Joazeiro and Weissman, 2000) . Degradation enzymes target proteins for proteolysis by the covalent addition of ubiquitin polymers. There are three major classes of enzymes that act sequentially to ubiquitinate, a target protein. E1 (ubiquitinactivating) and E2 (ubiquitin-conjugating) enzymes prepare the polyubiquitin. RING finger proteins function as E3 ubiquitin-protein ligases, transferring ubiquitin polymers from E2 ubiquitin-conjugating enzymes to recipient proteins that are thus marked for proteolysis. Few E1 enzymes, several E2 enzymes, and hundreds of E3 enzymes, which determine the specificity of the system (i.e. the proteins to be degraded) have been identified. The RING finger motif, which is characteristic of E3 ubiquitin-protein ligases, is defined by a series of conserved cysteine and histidine residues. These motifs are critical to E3 enzyme functions. Mutations within the RING finger-coding portion of the X-linked MID1 gene lead to Opitz G/BBB syndrome, a defect in midline development (Quaderi et al., 1997) . Mutations affecting the BRCA1 RING finger domain lead to misregulated cell division and familial carcinomas (Wu et al., 1996; Thai et al., 1998) . Mutations in the E3 RING finger protein Parkin result in autosomal recessive juvenile parkinsonism (Zhang et al., 2000) . The effects of these mutations in vivo demonstrate the importance of these E3 proteins. Although it is clear that protein turnover is exquisitely regulated during gametogenesis and early embryonic development, to date no components of a germ cell-specific ubiquitination pathway have been identified.
To determine the tissue distribution of Rflp4 expression, we undertook reverse transcriptase polymerase chain reaction (RT-PCR) and Northern hybridization analyses. Oligonucleotide primers specific for Rfpl4 transcripts amplified an intervening sequence only from cDNA of adult ovaries and testes (Fig. 3A) . Northern blot analysis revealed that the 1.7 kb Rfpl4 transcript is predominantly expressed in the ovary; the technique was not sensitive enough to detect expression in the testis (Fig. 3B ). In situ hybridization shows that Rfpl4 antisense riboprobes hybridized to oocytes in one-layer (primary) follicles and oocytes of multi-layered follicles including antral follicles (Fig. 4A,B) . Ovaries from Gdf9 knockout mice are small and contain an abundance of oocytes in follicles arrested at the primary stage of development (Dong et al., 1996) ; Rfpl4 is expressed abundantly in oocytes of Gdf9 knockout ovaries (Figs. 3B and 4C,D) . Since Rfpl4 expression can be detected in testes by semiquantitative RT-PCR, we analyzed the Rfpl4 mRNA distribution there by in situ hybridization. Rfpl4 transcripts are present at later stages of spermatogenesis and are abundant in elongating spermatids (Fig. 4E,F) .
The genomic structure of the Rfpl4 gene is shown in Fig. 5 . It is composed of three exons (258, 295 and 1028 bp in length) and two intervening introns (1.1 and 5.9 kb in length). The ATG translation start is at position 268 in exon 2. Rfpl4 ESTs have been mapped previously to the proximal portion of mouse chromosome 7, corresponding to position 4.0cM (Ko et al., 2000) . The human RFPL4 ortholog maps to 19q13.4.
In summary, we have identified and characterized the expression pattern of a new putative E3 ubiquitin-protein ligase, Rfpl4. RFPL4 is categorized in a newly discovered family of Ret Finger Protein-Like proteins that contain RING finger-like domains. Rfpl4 is preferentially expressed in adult gonads, and by in situ hybridization, Rfpl4 mRNA is found in oocytes and spermatids. Targeted disruption and over catggagcacaaag-3 0 ) oligonucleotides as described earlier (Rajkovic et al., 2001) . cDNA from ovary and testis was exclusively amplified by Rfpl4L and Rfpl4R oligonucleotides. Actin amplification served as a control. (B) Tissue-specific expression of Rfpl4 transcripts. Fifteen micrograms of total RNA was loaded in each lane and hybridized to either Rfpl4 or 18S cDNA probes labeled with [ 32 P]dATP as described earlier (Rajkovic et al., 2001 ). We detected a signal only from RNA extracted from the 9-week-old ovaries. The 1.7 kb size of the Rfpl4 transcript was deduced from RNA molecular size standards run on the same gel (not shown).
expression of the Rfpl4 gene will allow us to understand better its functions in mammalian gametogenesis and development.
Materials and methods

In silico subtraction
EST sequences, 3499, from fertilized and unfertilized egg libraries were downloaded from the NCBI database and used to perform BLAST searches of the entire EST database and the non-redundant (nr) sequence database (Rajkovic et al., 2001) . Two hundred and fifty-eight of these sequences (7.4%) were shown to match only the original egg libraries or preimplantation embryo libraries. These included the Unigene cluster Mm.28764, later termed Rfpl4.
Sequence analysis
Mouse Rfpl4 and human RFPL4 sequences were determined from a combination of database searches, and sequencing of the following deposited ESTs from American Type Culture Collection (Manassas, VA, USA): C87022, AU015407, AU016703, and AC008749. Full-length Rfpl4 cDNA was used to deduce the amino acid sequence of the RFPL4 protein. This sequence was characterized using EXPASy, PSORT, Pfam and ScanProsite programs to compare it to known protein sequences and to predict functional domains.
Experimental animals
Mice were maintained as described in the NIH Guide for the Care and Use of Laboratory Animals. Generation of mice carrying the GDF-9 null allele and Southern blot genotyping has been described (Dong et al., 1996) . Tissues were collected from adult C57BL/6/129SvEv (hybrid strain) wild-type (1/1) and Gdf9 knockout (Gdf9 2/2 ) mice (6-16 weeks of age) for RNA isolation or in situ hybridization.
RT-PCR
Total RNA was isolated using an acid guanidinium thiocyanate-phenol-chloroform extraction (Leedo Medical Laboratories, Houston, TX, USA). Five micrograms of RNA were reverse transcribed using the SuperScript system Fig. 4 . In situ hybridization of Rfpl4 in adult gonads. In situ hybridization of 12-week-old wild-type mouse ovaries and testes using an antisense riboprobe generated from the Rfpl4 cDNA fragment. In situ hybridization was performed as described earlier (Albrecht et al., 1997; Elvin et al., 1999) . Panels A, C, and E show a bright field view of hematoxylin-stained mouse ovaries and testes. Panels B, D, F show corresponding dark field views demonstrating that Rfpl4 transcripts are expressed in oocytes and spermatids. The outer ring observed in dark field views is confined to oocytes and does not involve granulosa cells. (Life Technologies, Rockville, MY, USA). Rflp4 cDNA was then amplified using the specific primers: Rfpl4L (5 0 -gggtgggagggaaaataaaa-3 0 ) and Rfpl4R (5 0 -ggtacccatggagcacaaag-3 0 ) as described earlier (Rajkovic et al., 2001 ).
Northern blot analysis
Fifteen micrograms of each RNA sample was used for electrophoresis and transfered onto nylon membranes. Radioactive cDNA probes were synthesized using [a 32 P]dATP and the Strip-EZ kit (Ambion Inc., Austin, TX, USA). Autoradiography allowed visualization of probe hybridization. Blots were stripped and re-probed for 18S rRNA 2.6. In situ hybridization
In situ hybridization was performed as described earlier (Elvin et al., 1999) . Briefly, [a-35 S]UTP-labeled antisense and sense riboprobes were transcribed from the Rfpl4 cDNA sequence (Promega Corp., Madison, WI, USA). Paraffin-embedded ovaries were cut into 5 mm sections, dewaxed, fixed, hybridized, and washed as detailed (Albrecht et al., 1997) . Signal was detected by autoradiography using NTB-2 emulsion (Eastman Kodak Co., Rochester, NY, USA). Hematoxylin counter-staining allowed ready correlation of the hybridization to specific cell populations within the ovary.
